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Abstract

This report presents the culmination of investigations into the interaction between
expectations, real economic activities, and the potential impacts to confidence and the economy.
We review pertinent theory and empirical findings. Our investigations employ both rigorous
economic analysis and computation agent-based simulation. We implement our final model
within a general framework for the visual design and execution of agent-based simulations.



Acknowledgments

We thank Jennifer Nelson and David Womble for helpful comments and suggestions.



Contents

ACKNOWIEAZIMENLS......ccciiiiiiiieciie ettt e e e e et eetae e ssaeeesbaeeenseeesnseeens 4
I TNEOAUCHION Lttt et ettt et e e et e st eeseesnaeenbeesnseenseas 9
2 Theoretical and Empirical Underpinnings...........c.cceeeveeeeieeerieeenieeenieeeieecieee e 12
2.1 Psychological ECONOMICS ........ccccuiiuieriiiiiieiiieiieeie ettt 12

2.2 Life-Cycle Theory and Permanent Income Hypothesis.........c.cccccvveeeureenneen. 13

2.3 Empirical Testing of PTH .........cccciiiiiiiiiiiiieceeee e 15

2.4 FOTECASTINME...cccuiieiiieeiiieeeieeeeiieeesiteeetteeeteeesteeessseeessseeensseeensseeensseeessneennseens 15

2.5 IMPLICALIONS. ..ccuiieiiiiiieetieciie ettt ettt ettt steebeeete et e e s naeenseesnseenseennne 17

3 Foundational Exploratory Simulations...........cccccueeeeiieeniieeiiiie e e 18
3.1  Leisure Effects and Employment............ccooeiviienieniiienieniieiecieeeeeeeee 18
3.1.1 Households. ......ooiiiiiii e 18

3.1.2 Labor SUPPLY ...veeiieiieee et 19

3.13 Goods Demand..........cccoeouiiiiiiiii e 20

3.14 FITINS ottt et ettt e en 20

3.1.5 Market EQUIlIDIIUM........oooviiiiiiiieiiecee e 21

3.1.6 Simulation Parameters and Mechanics ............cccceevieeiieniienieenenne. 22

3.1.7 Simulation Results: Monopoly versus Oligopoly ..........cccceevveennneen. 23

3.1.8 DISCUSSION ...eivieiiieiiieeie ettt eite et ettt e et ee st e ebeeeabeebeessaeenseesaseans 25

3.2 Life-Cycle Implications for Disruption and Recovery ..........cccceeveevuveenenn. 27
3.2.1 Life-Cycle Hypothesis ........cocuieriieeiieiiiiiieiieeieeiee e 27

32.2 Savings, Retirement, and the Bond Market .............ccccoeveiveninnenneen. 28

323 Market EQUilIDIium.........cccoeviiiiriiiiiieiieeiieiieee e 29

3.2.4 Simulation Parameters and Mechanics ............ccoceeveenieiiienieeneene 29

3.2.5 Simulation ReSUlts ........ccceeeiiieriiiiieiicieceeeee e 31

3.2.6 Event Study of an Output Disruption with Finite Horizons ............. 36

3.3 REMATKS ..oiiiiiiiee e 40

4 The Analytic MOEL.......cccuviiiiiieiieece e e e 41
4.1  Household Consumption and Savings ...........ccccceevvieviienieeniienieenie e 41

4.2 Firms and Nash EQUilibrium...........cccccuvieiiiiiiiiiicieeeeeee e 43

5 Agent-Based SIMulation..........ccceoiiiiiiiiieniiieiieieeeie et 44
5.1 Simulation Mechanics and Parameters ............ccoceeiieniiiniinieiiieiiceeeees 45
5.1.1 Bank ..o e 45

5.12 Households.......ooiiiiii e 45

5.1.3 FITINS ottt et et en 46

5.2 RESUIES et 47
5.2.1 Set #1: Fixed Labor.......cccoovuieiiiiiieieeiece et 47

5.2.2 Set #2: Adaptive Labor Scaling.........ccccoecveeeviieiiiieieieeeieeeeeeee, 50

5.3 CONCIUSIONS....utiiiiiieiieeiiieite et eiee ettt ete et e et e et e e eebeebeessbeenseesaaeenseessneenseas 53

6  An Agent-Based Modeling Framework ............ccccoeoiieiiiiiniiiiiiieeceeeeeee, 54
6.1  Characteristics of a General Modeling Framework .............cccccoecveriennenen. 54
6.1.1 MOUIAT ... 54

6.1.2 Hierarchical.........ccooiiiiiiiiiiiicce e 54

6.1.3 Visual INterface.........ooouiiiiiiiiiiiiiie e 54

6.2  Features of a General Modeling Framework ............cccocceviiiniiniiinienieeen. 55



6.2.1 NS0} & S 2 U0} A 55

6.2.2 IMESSAZINE ...vveeenvvieeiieeeireeeieeeeieeeeteeesree e taeeeaaeeesaeeesaeesnsaeesnseeensnes 55
6.2.3 CLONING. ..ttt ettt ettt et e et e e beeteeenbeenseeeene 55
6.2.4 Spontaneous ReStructuring ..........c.ceeevveevieeeiieeeeieeeiee e eevee e 55
6.3  Economic Simulation in the General Framework..............ccccocvevvieniinnnnnen. 55
6.3.1 Visual INterface.........cooouiiiiiiiiiiiii e 55
6.3.2 MOdUIATIZATION ...t 56
6.3.3 5 1S 1 (o] 1 ) 2SS 57
6.3.4 SUMMATY ...ttt e sbe e e s e e es 59
T REMATKS ..ot 60
8 RETRICIICES ..ottt ettt sttt 61
Figures
Figure 1. Labor supply fUNCHION........ccoiiieiiieeeiie ettt 20
Figure 2. Competitive case: Total employment. ..........ccceevieeiienieeiiienieeieeie e 23
Figure 3. Competitive case: AVETaZE PIICE. ...cccuierrureerirreerireeerreeesereeessreeessseesssseessseeesssees 23
Figure 4. Competitive case: Firm profits. ........cccoevveerieeiiiinieiieeieeieeeece e 24
Figure 5. Competitive case: Units CONSUMEd. .......c.eeevvieeriieeriieeiiie e 24
Figure 6. Competitive case: Average units CONSUMEd. .........cccueeruieevieerieeniieeniieaieerieeeeeans 25
Figure 7. Variability in firms’ profits: Monopoly and competitive cases.............ceen..... 26
Figure 8. Infinite horizon: deviation in bond holdings. .........cccceceviiiiniininniniiniiienne 32
Figure 9. Infinite horizon: total employment. ............cccveeeiiiieriiieniiie e 33
Figure 10. Infinite horizon: market price of Z00dS. .......ccevieriierieiiiiiieeieeeeie e 33
Figure 11. Infinite horizon: firm profits.........cccceeriiieeriiieeiiie e 34
Figure 12. Infinite horizon: units CONSUME. ........c.ceouirriiiiiiiiiieiieeie et 34
Figure 13. Finite horizon: equilibrium employment............cccccvveevvieeriieenieeeiee e 35
Figure 14. Finite horizon: total employment. ...........c.cecueeriiiiiienieniiieiecie et 35
Figure 15. Finite horizon: market price of g00dS. .......ccceevvieeriiiiiiieeiieeeeeee e 36
Figure 16. Finite horizon: deviation in bond holdings..........ccccceceviiiiniiiniininiiniiienne 36
Figure 17. Event study of total employment.............ccccuveeviiieeriieeiiie e 37
Figure 18. Event study of firm profits. .........ccccieriiiiiiniieiiecie ettt 38
Figure 19. Event study of household consumption............ccceeeveeeviieecieeecieeeiee e 38
Figure 20. Event study of deviation in bond holdings. ............ccccceeeviiiiieiiiiiniiiieeieeens 39
Figure 21. Event study of career households’ budget for bonds............cccccvveveiienireennenn. 39
Figure 22. Event study of career households’ target bond holdings. ..........ccccceovevienennnen. 40
Figure 23. Nash Equilibrium Price Formation Corresponding to Five Competing Firms
with Different Labor Shares (i.e. numbers of employees)..........ccevveeeieerieriienneenne 49
Figure 24. Price Formation with Fixed versus Adjusted Labor Corresponding to Five
Firms with Different Initial Labor Shares..........c.cccooovieriiiiiienieiiieeceeeee e, 51
Figure 25. Unemployment and Consumer Confidence............ccceeeveeeeieeeeieencieescieeeennen. 52
Figure 26. Visual Interface showing the top layer of Economic Simulation.................... 56
Figure 27. Model Loop containing Economic Simulation............cccceeeveeeeieeeiieesenveennnnn. 57
Figure 28. A Clone Wrapper for Household Agents ...........ccccoeviieeiiiinieniiieieiieeie e 58
Figure 29. Settings for the “age index” input parameter. ........c.cceeeveeeeveeerveeecveeeeieeeennnnn 59



Tables

Table 1. Summary of Findings for Confidence-Related Studies

Table 2. Simulation Parameters
Table 3. Simulation Parameters



Intentionally Left Blank



A Framework for Modeling the Impacts of
Terrorism on Confidence and the Economy

1 Introduction

The national homeland-security agenda includes achieving a comprehensive
understanding of the potential economic effects of terrorist acts. In addition to the direct
impacts of an attack, such events might also incite overreactions by firms and households
to the detriment of the economy. These secondary effects relate to a broader set of issues
concerning the influence of information and perception on economic decision makers.
For example, one might ask “How might households alter their consumption rates in
response to a terrorist act?”, and “How might those decisions affect the pricing and
employment decisions of firms?”

Bird (2002) points out that “many commentators have suggested that the world
changed on 11 September 2001. The terrorist acts in New York and Washington made
the future more uncertain.” Just one month after the 9/11 attacks, John Virgo, Executive
Vice President of the International Atlantic Economic Society, chaired the September 11 th
Panel Discussion of the 52" International Atlantic Economic Conference. Virgo
observed that consumer confidence for September was at a five year low and in October
slid to nearly an eight year low. He also observed that October [employment] figures
showed the largest one-month decline in more than 21 years. “This makes it difficult for
the rate cuts by the Federal Reserve to have the desired impact” (Virgo 2001 p355).
Virgo reminds us that the economy was already slowing down before September 1 1m,
The Federal funds rate had been cut 7 times in 2001 before the attack and three more
times by November. At a Fed funds rate of only 2%, many economists worried that the
Fed was running out of room to use monetary policy.

The issue of uncertainty undoubtedly has broad implications for public policy, not
the least of which will be those of the Department of Homeland Security (DHS). Indeed,
Homeland Security Secretary Tom Ridge stated in a speech at the New York Federal
Reserve on July 8, 2003 that “Safeguarding the integrity of America's financial systems is
a key part of homeland security.” Clearly, DHS must understand the potential effects of
terrorist events on economic confidence and financial markets in order to make
comprehensive comparisons of the relative effectiveness of mitigation and response
strategies.

Confidence and financial markets are governed largely by the economic forces at
work within the consumption and savings decisions of discrete microeconomic agents,
such as firms, households, and financial intermediaries. Economists provide a rigorous
framework for investigating these forces, based largely on the groundbreaking work of
Milton Friedman, Franco Modigliani, et al in the 1950s and 60s and culminating in
hypotheses that form the foundation for much of our nation’s monetary and fiscal policy.
However, modern empirical research finds that actual consumer expenditures are more
sensitive to current income than forecast by these hypotheses, suggesting the need for



models of consumer confidence and precautionary savings. These issues have clear
implications for modeling the effects of terrorist attacks on confidence and financial
markets.

The conventional interplay between rigorous theory and statistical empirics provides
insight into these questions, but often focuses on the properties of equilibria, without
exploring conditions under which a system will or will not converge from a
disequilibrium state to an “expected” equilibrium. Fortunately, the aforementioned
theoretic framework integrates nicely into the discrete agent-based simulation framework,
providing a powerful algorithmic foundation upon which to incorporate discrete models
of confidence. We propose agent-based simulation as a viable extension to conventional
methods, allowing for the adoption of established economic principles to provide a
verifiable foundation for exploratory economic models.

This is the sixth in a series of reports describing our model and findings, and the first
to define the model in a visual hierarchical modeling framework.

The first report (Sprigg, Jorgensen, and Pryor 2004) described a general approach
and development strategy. It identified relevant economics principles and computations
methods to be incorporated into simulation.

The second (Sprigg and Ehlen 2004) report modeled how microeconomic firms and
employment adjust endogenously to changes in demand and in the number of firms. That
report used agent-based simulations to demonstrate that, when compared to the case of
monopoly, multiple-firm economies converge toward the competitive equilibria typified
by lower prices and higher output and employment, but also suffer from market noise
stemming from consumer churn.

The third report (Sprigg 2004) introduced life cycles and a simple bond market into
the agent-based model, and demonstrated that labor, product, and bond markets converge
to calculated equilibriums in accordance with a life-cycle hypothesis (LCH). Various
simulations were conducted under different assumption to validate the model against
accepted economic principle. This report also included an event study of an output
disruption, and found that the disruption cascades through all sectors affecting
employment, consumption, and savings. Following the event, the simulation re-
converges, with all markets returning to equilibrium at about the same time.

The fourth report (Hand et al 2005) surveyed the relevant economic literature
pertaining to economic confidence, including rational expectations, life-cycle theory, and
the permanent income hypothesis. It also surveyed empirical work, which suggests that
these conventional economic principles, alone, are insufficient to forecast or explain the
volatility in observed financial behavior. Specifically, empirical studies suggest that
consumption is more sensitive to current income than suggested under the permanent
income hypothesis, which raises questions regarding expectations for future income, risk
aversion, and the role of economic confidence measures.
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The fifth report (Sprigg and Ehlen 2005) introduced a banking system and a more in-
depth analytical model to establish the conditions of steady-state economic equilibrium.
The corresponding economic was shown to converge to and maintain its Nash
equilibrium in the goods market and financial optima in the financial market.

This report extends the previous work by adding enhanced price-discovery dynamics
and 1s arranged as follows. Section 2 explores the primary theoretical and empirical
findings and conclusions to establish a foundation for the scope and direction of this
effort. Section 3 presents increasingly complex simulations that systematic explore
pertinent economic principles and relationships. Section 4 presents an analytical model
describing the expected dynamic equilibrium conditions for a system of interrelated
labor, goods, and banking markets. Section 5 describes a simulation of the prescribed
model and presents the corresponding computational results. Section 6 shows the
economic simulation as implemented in software that uses a general agent-based
framework for the visual design of modular hierarchical models.
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2 Theoretical and Empirical Underpinnings

A variety of economic principles must be considered when designing a simulation of
confidence and the economy. Of particular interest in economics research, no more so
than after 9/11, is how general uncertainty about world events affects individual
consumption decisions. The popular press often cites consumer confidence measures as
indices of risk perception, implying that aggregate consumption reflects these measures
in some way. But do these indices measure risk perceptions in a way that is useful for
economic analysis? Or do they reflect agents’ knowledge of more traditional economic
indicators? Before any link between consumer confidence measures and consumption
can be developed, an understanding of the various theories of how uncertainty affects
consumption is necessary.

2.1 Psychological Economics

An explanation of uncertainty and its role in determining consumer behavior began
with George Katona (1975) of the University of Michigan’s Institute for Social Research.
A psychologist by training, Katona developed a survey that asked people about their
current financial situation, the business climate, and their expectations of their job and
earnings prospects in the future. Using this survey, Katona created an index of consumer
confidence; higher values indicated that the economic situation is good and projected by
individuals to get better; lower values show pessimism about the economy and the future.
Such an index is consistent with the expected utility theories discussed in the previous
section; changes in the index value may reflect changes in perceptions of probabilities of
future outcomes.

The survey and confidence index reflected Katona’s view (and a budding vein of
research) that psychology plays a role in individual consumption decisions. The
psychological impact on consumption can be summed up by saying that consumption is
determined by agents’ ability and willingness to buy. At its heart, psychological
economics recognizes that agents are not “marionettes pushed around by external forces,”
(Katona 1975 p8). Rather than acting as automatons to changes in prices, wages, and
income, agents determine their level (and type) of consumption based on “attitudes,
aspirations, and expectations” (Katz 1972 p65).

This thesis stems from the notion that consumption as a function of only prices and
income is not well suited to the affluent post-World War II American economy.
Consumers after WWII found themselves with discretionary income and the power to
choose among a broad range of products and investments. Thus, consumption in the U.S.
reflected tastes, preferences, and the willingness-to-buy as much as prices and income.

A specific representation of the consumption function was not developed as a result
of Katona’s work. This appears to be a deliberate implication of joining psychology and
economics; if behavior is governed by laws and is measurable, then the empirical
observation of behavior should uncover those laws. Instead of theoretically reasoning and
testing the hypothesis that a change in income will create predictable changes in
consumption, the psychological economist would observe agents’ behavior (and perhaps
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motives or perception) in response to income changes and then reason a theory to explain
the behavior.

2.2 Life-Cycle Theory and Permanent Income Hypothesis

Although Katona’s work provided a framework for understanding the psychology of
choice, the lack of a formal model of consumption would not do for most economists. In
the years following the publication of John Maynard Keynes’ General Theory in 1936, an
impressive literature was devoted to his hypothesis of the relationship between income
and consumption. While this literature did not explicitly recognize the psychological
forces involved, economists increasingly recognized that a simple model of consumption,
one based on current income and prices was inadequate. Synthesizing this literature,
Franco Modigliani and Richard Brumberg developed a model of consumption where
individuals derive utility from current and future consumption, and consumption in the
current period is a function of current income, expected income, and the individual’s
initial set of assets. This model, known as the life-cycle hypothesis (LCH) model
describes household behavior as an attempt to smooth consumption patterns over one's
lifetime somewhat independent of current levels of income; households do this by
borrowing, saving, and lending. The model is typically represented as the following
constrained maximization problem:

T()
max U,., = Y 6(U,(C,))

t=0

(1)

T() L()

s.t.z p(C,)=B,_, + ZP(Y;),

where C, and Y, are respectively the levels of consumption and income in period ¢, U,(C,)
is the utility received from consumption in time period ¢, By is an initial wealth
endowment, and &) and p(*) are discount functions; &*) discounts the value of future
utility according to the household’s internal time preference, and p(*) discounts the value
of future consumption and income according to the market interest rate. Also, L(z) <T{(t),
where L(?) denotes the number of remaining periods in which the household can work in
the labor market to earn income, and 7/(z) denotes the number of remaining periods in the
household’s life cycle.

The main implication is that consumption and income need not coincide in any given
period; individuals have motives to save or dissave. The primary purpose of saving is to
cushion against future income fluctuations, though the inclusion of uncertainty in the
model would introduce two additional motives. First, individuals might have a
precautionary motive, or a “desire to accumulate assets...to meet possible emergencies,”
(Modigliani and Brumberg, 1955 p392). Second, individuals may feel the need to acquire
an equity stake in durables in the face of uncertainty. In this case, individuals would save
in anticipation of a consumer durables purchase so that less debt would be incurred for
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the purchase. If consumers are uncertain of their ability to repay debts in the future,
paying a larger share out-of-pocket would reduce the impact of such uncertainty.

Modigliani and Brumberg find that Keynes’ hypothesis — that individuals will
increase consumption in proportion to an increase in income — is explained by their
model. Further, they contend that the rate of savings is constant across levels of income.

Although a specific role for expected income appears in the model, no discussion is
made of how those expectations are formed or how consumption changes in response to a
change in expected income. This shortcoming is addressed to some degree by the
Permanent Income Hypothesis (PIH) and its variant the Rational Expectations Permanent
Income Hypothesis (REPIH).

The basic idea of PIH is that current period consumption is determined by lifetime
resources, not measured income at a given point in time. Permanent income, then, is the
annuity value of lifetime net worth. Consumption in a given time period is proportional to
permanent income. Incorporating rational expectations explicitly states that agents’
expectations of future income are formed using all available information and with full
knowledge of the structure of the economy.

Under PIH, individuals determine their permanent income, and thus consumption, by
evaluating their expectations of future income. Uncertainty exists in the path of future
income, but the assumption of rational expectations gives rise to certainty equivalence
with respect to contemporaneous consumption decisions; agents do not know the nature
of future income shocks, so decisions are made as though the uncertainty does not exist.

An implication of certainty equivalence is that only changes in expected income can
change permanent income (and thus consumption) in the current period. For example, an
agent who observes a higher income in the current period (perhaps the result of a wage
increase) might expect that the higher level of income will occur in future periods,
changing their expected future income. As a result, consumption would
contemporaneously change.

The response of consumption to expectations provides the most logical and
developed role for consumer confidence in determining consumption. The strength of this
role depends on the information consumer confidence indices contain about expected
income. If consumer confidence adequately summarizes agents’ beliefs about future
income, then its role is consistent with PIH. But if consumer confidence predicts current
consumption, then it is not consistent with PIH; recall: consumption can only change as a
result of changes in expected income.

Several assumptions of PIH require explicit treatment. Foremost, households are
assumed to be forward-looking. Second, credit markets must be perfect; agents must be
able to borrow and save against future income. If an individual expects a higher future
income, they might consume more now by borrowing against future income. Credit
market constraints will inhibit this process and consumption would not increase until
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future income is realized. Thus the link between expectations and consumption would be
broken, and PIH would not be valid.

Finally, the interest rate is assumed to be constant over time. This eliminates changes
in consumption due the risk of interest rate fluctuations, though these concepts can be
added to the model.

2.3 Empirical Testing of PIH

Though the PIH theory of consumption has been well fleshed-out, most studies reject
the pure PIH or REPIH for a myriad of reasons. An oft-cited reason for rejection is
Flavin’s (1981) “excess sensitivity to current income.” An implication of Flavin’s
consumption model is that the revision in permanent income is proportional to the
observed error of forecasted income (i.e. “innovation in current income”’). REPIH is then
tested by whether or not the marginal propensity to consume (MPC) out of current
income is zero (i.e. MPC = 0 implies acceptance of REPIH). Flavin finds that the MPC is
significantly not equal to zero, and so determines that consumption is excessively
sensitive to current income, thus rejecting REPIH.

Flavin’s findings are supported by Campbell and Mankiw (1990), who find in
addition that the rejection of REPIH cannot be explained by relaxing the assumptions of
constant interest rate or separability of the consumers’ utility function.

Acemoglu and Scott (1994) also reject REPIH, but do so by incorporating a measure
of consumer confidence. They use confidence as a proxy for individuals’ expectations
and find that confidence is a leading indicator of consumption changes. This finding is
inconsistent with REPIH, where only changes in income expectations can change
consumption.

Acemoglu and Scott’s work is also noteworthy because it defines a different role for
consumer confidence measures. In their attempt to explain the rejection of REPIH, they
test whether imperfect capital markets or the precautionary saving motive might account
for confidence predicting consumption. Precautionary saving (and not imperfect capital
markets) is found to explain the relationship. Their finding suggests a role for confidence
measures, not for modeling income expectations, but for explaining risk aversion.

2.4 Forecasting

The exact link between uncertainty, expectations, and consumption is still up for
debate, but the impact of consumer confidence on the economy and consumer
expenditures has been thoroughly investigated. A prodigious literature is dedicated to the
question of whether consumer confidence measures contain information important for
economic forecasting and predicting consumer expenditures. Most of these studies, using
various econometric models, test whether consumer confidence by itself has predictive
content or whether adding consumer confidence improves the predictive ability of
forecasts based on leading economic indicators.

The literature is divided on the predictive content of consumer confidence. When
confidence measures are found to be significant predictors of expenditures, they often
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add little in terms of predictive ability. Some studies find no predictive value in
confidence measures, or that consumer confidence, on it own, is a poor predictor of
consumption. Table 1 summarizes some of the findings in the literature.

Table 1. Summary of Findings for Confidence-Related Studies

Study Did consumer confidence Is consumer confidence
improve forecasting model? modeled alone or in
conjunction with other
variables?
Garner (1991) Not a good predictor of Both
consumption.

Batchlor and Dua (1998) | Would have helped predict 1991 With other variables
recession but not 1982 recession.

Eppright, Arguca, and Consumer confidence has some With other variables
Huth (1998) predictive power not in other
economic indicators

Howrey (2001) Consumer confidence modestly Both
increases accuracy of forecasting
models.

Desroches and Gosselin Not helpful in predicting Modeled alone

(2002) consumer spending.

Garner (2002) Improved forecasting models With other variables
slightly.

These findings are not heartening for researchers seeking a role for consumer
confidence in forecasting shocks to the economy, but additional findings provide some
hope. Batchelor and Dua (1998) find that consumer confidence may contain important
non-economic information. For example, they find that including a measure of consumer
confidence in forecasting models would have help predict the 1991 recession, but not the
1982 recession. They hypothesize that this reveals the “special circumstances”
surrounding the 1991 recession more than does predictive ability of consumer
confidence.

According to Batchelor and Dua, information about shocks that are non-economic in
nature, like the 1991 Gulf War, are contained in consumer confidence measures. In these
cases the ability of consumer confidence to predict expenditures would be increased.

The findings in Garner (1991) support this view. Garner compares forecast models
with and without consumer confidence indices over times of “ordinary circumstances,”
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(late 1987 to the first half of 1990) and “exceptional circumstances,” (late 1990 and
1991). Forecasts with consumer confidence performed worse during the ordinary times,
but much better during the Gulf War time period. He suggests that the improved forecast
ability of the models with consumer confidence is due to the fact that the Gulf War was
an unanticipated, non-economic event.

This line of reasoning logically leads to the role of consumer confidence after a
terrorist attack. Consumer confidence should be an important indicator of the economy
following a terrorist attack; a shock to the economy of this sort leaves individuals little
basis for forming expectations and making decisions using more traditional economic
indicators. This view is not, however, borne out by the evidence following 9/11. Garner
(2002) finds that the fall in consumer confidence (and the worsening recession) was not a
result of these exceptional circumstances. Rather, the consumer confidence measures
likely reflected the available economic information.

Garner’s apparent contradiction of his 1991 findings points the way for further
research into the role (if any) of consumer confidence in the economy. There is clearly a
relationship between consumer confidence, as currently measured, and other economic
indicators. The nature of that relationship is yet undiscovered. In particular, if consumer
confidence does in fact contain important information in the wake of non-economic
shocks, then it remains to be answered why consumers were so resilient after 9/11.

2.5 Implications

In a simplified model of the economy, individuals and firms respond to changes in
prices by altering consumption and supply decisions based on maximizing individual
utility or profit. This model abstracts from reality in that it gives little role to the decision-
making process and has the implication that agents behave rationally. If it is
acknowledged that agents often make decisions based on little or faulty information, or
that the future is uncertain, then the model poorly explains economic outcomes.

Introducing uncertain outcomes into an economic model necessitates the
consideration of how individuals perceive risk. By looking at individual choices as
choices between different risky situations, decisions can be characterized as satisfying
agents’ desire to seek or avoid risk. Uncertainty also necessitates an understanding of
expectations. Whether considered subjectively or objectively, individual expectations of
event probabilities ultimately determine choices between different risky situations.

Despite what economists know about risk and uncertainty, its meaning for modeling
responses to large shocks or terrorist attacks is, in a word, uncertain. From the consumer
point of view (and the same argument could be made from the producer side), a likely
scenario is that a terrorist attack increases the perceived probability of future economic
hardship, and consumers respond by reducing current consumption. But consumer
response to a terrorist attack depends on agents’ perceptions of how event probabilities
change, the individual level of risk aversion, and how expectations are formed; thus, as
recent history suggests, a large shock will not necessarily lead to a large economic
impact. Uncovering the conditions for such an effect is the direction for future research in
this field.
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3 Foundational Exploratory Simulations

This section introduces foundational simulations developed to explore the role of
fundamental economic drivers in an agent-based framework. Specifically, these
simulations explore the participation of firms and households in labor, goods, and
financial markets.

3.1 Leisure Effects and Employment

Labor markets affect all other economic activity, including consumption and savings.
Here, we present foundational simulations and findings focusing on labor markets and
related factors, such as the demand for leisure and real-wage effects on the household’s
decision to work.

In these models, households earn income and consume goods to maximize utility.
The reservation wage required to entice each household to enter the labor market varies
across households, and the productivity rate of firms is constant across firms. Under this
framework, our model allows us to infer the following logic: Some households produce
more utility by not working for a firm if their direct personal utility productivity is
greater than the utility that is generated indirectly by going to work, getting income,
purchasing goods from firms, and then consuming those goods.' Full employment is
defined as the level at which those who are willing and able to work for firms are
employed. Actual employment is a combined function of households’ willingness to
work (which collectively defines the labor supply curve) and firms’ productivity rates
(which provide the production feasibility curve and related labor demand curve). Supply
and demand in the goods market are functions not only of the price of goods in the
market but also of the amount of labor that households are willing to supply to firms at
the current wage rates and goods prices.

3.1.1 Households

Each household is a single potential laborer endowed with its own internal
productivity, p;, which represents the quantity of goods the household can produce for its
own consumption each time period if it chooses not to work for a firm. The population of
households has internal productivity rates uniformly distributed over the interval

[pmin: pmax] .

Each household tries to maximize its utility each time period by consuming either
home-produced goods or firm-produced goods. If consuming at home, its product is p;, If
consuming purchased goods, it will have earned a wage, w, from the firm and purchased
q goods at price p in the market. Since its income-constraint equation is p X g5 <w, a

! This is related to the notion of a household’s trade-off between work and leisure. Leisure can be
considered as a form of consumption for the household; that is, more leisure makes the household better
off. However, spending time at work rather than at leisure generates income, which allows the household
to consume goods and services. Households that can generate more utility from leisure will stay at home,
while those that generate more utility from consumption will go to work. As described in Section 3.1.2, we
model that switching point as a function of the ratio of wages to the price of produced goods.
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household that works will be able to purchase and consume g, = w/p goods. The
household’s problem is then to select the consumption that solves

w W>p
wows,

maxU,()={" 7 t=max(*,p,). @)
pha ;<ph P

3.1.2 Labor Supply
Labor supply is defined by the number of households willing and able to work for

firms. Given the uniform density function of internal productivities, [pmin, Pmax], the labor

supply can be defined as

Prmax
S S w W
r=rs= | £ dp, (3)
r p
where
H w
N (7 M
fh (_) — max min p
P 0, —<p,
Substituting,

LS( ) (pmax _pmm w
P
“4)
w
7_pmin
—H |-
pmax _pmin

Figure 1 illustrates this supply function.
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Figure 1. Labor supply function.
Full employment is defined as the condition where all households for which
pn < (w/p) are employed by firms and the remaining are not employed by firms.

3.1.3 Goods Demand

Since each household maximizes utility by maximizing consumption, each
household will purchase all it can, i.e., w/p. Goods demand follows as

D bW S
G"=G"(—) =24,
p h=0
wl . w
=[S
" (%)
w 7_pmin
1 Ylg| £
p pmax_pmin

Households select a firm in each period from which to purchase based on a quasi-rational
discrete choice function. Formally, a firm with price prhas a purchase probability of

Y
Prob[household selecting firm /] = P ()

F 2
:Elf:1(17f)7
where ¥ = —1 in this exercise. This decision rule has the following implication: if a firm

has a price that is one-half of another firm’s price, then it has twice the probability of
being selected by a household.

3.1.4 Firms

Each time period, firms use labor /s to produce output, using the production
technology

a,=4q,psl)=p,x1,, (7
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where p; represents the conversion of labor to goods.

Labor is purchased in the labor market at the fixed rate w. (We could also model w as
varying, but this would add complexity to the equilibrium and market dynamics that is
outside the scope of this work.) The produced goods, on the other hand, are sold in the
goods market at price pras determined by the firm. The firm’s problem is to select the
price that maximizes profits, i.e.,

maxz, =p.q;-wl,
= PPl —wly (8)
=(pspr =Wy

If we impose the condition that a firm will only produce if 7, > 0, then we must
have the condition(p,p, —w) >0, orp, > A T so, the firm will try to produce

Py
infinite profits by hiring infinite labor. Summarizing, optimal firm production is then

w
+oo, —<p,

A w D
qr :qf(_): Mi > )
Py
the goods supply function in the goods market is
s F
Gt =3 q,, (10)

and the labor demand function in the labor market is

F ~
=31 (a1
=

3.1.5 Market Equilibrium

For market clearing, we have the necessary conditions G” = G° and L” = L. We
consider two specific cases: a single-firm monopoly economy and a multiple-firm
competitive-market economy. To provide a reference point, we also compute some
properties for the socially optimal economy, where firms have zero expected profits and
all laborers that are willing and able to work are employed by firms.
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3.1.6 Simulation Parameters and Mechanics

To investigate whether the economy “discovers” its monopoly or competitive
equilibrium and, if so, how this process occurs, we conducted a series of Aspen” agent
simulations for the single-firm (monopoly) and multiple-firm (oligopoly) cases. In both
cases we used the socially optimal economy as comparative, limit conditions. The
parameters for the two cases are given in Table 2.

Table 2. Simulation Parameters

Case 1 Case 2
Monopoly | Monopolistically | Socially Optimal

Parameter Competitive Competition
Households

Number 100 100 ---

Internal productivity [1.0, 2.5] [1.0, 2.5] [1.0, 2.5]
Firms

Number 1 5 8+

Productivity 2.0 2.0 2.0

Wage rate offered 50.0 50.0 50.0
Calculated
Optima

Equilibrium price (ﬁ ) 70.7 31.6 25.0

Equilibrium employment (L®) 29 64 80

Each household monitors wages and prices every time step. If an unemployed
household / with internal productivity p;, observes that (w/p) > p;, then that household
applies for employment. If an employed household with internal productivity p; observes
that (w/p) < ps, then that household quits its job and leaves the labor market. In this
idealized example, each employed household attempts each time period to spend its
entire wages on the purchase of goods for consumption.

Each firm employs an algorithm for setting the price of the goods that it sells in the
goods market. This algorithm essentially searches for the price that maximizes current-
period profits by averaging its price and profit performance over time. We chose this
algorithm for its ability to converge for this particular exercise. (Typically, Aspen
employs more complex learning algorithms, e.g., Slepoy and Pryor 2002.)

Each firm also runs a simple algorithm to determine the production that will
maximize its profits, and then tries to access the labor necessary to produce that amount
of output. This algorithm continues to scale its labor force in a certain direction (up or
down) so long as the firm’s profits are increasing.

If the firm reaches a local maximum, it oscillates about that number of employees
while perpetually searching nearby for an employment level that will increase its profits.
Finally, each firm purchases any excess inventory of goods that it was unable to sell in
the goods market.

? For details on the structure and uses of the Aspen model, see Basu et al. 1996 and Basu and Pryor 1997.
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3.1.7 Simulation Results: Monopoly versus Oligopoly

In the following graphs, green represents this competitive case, and red represents

the previous monopoly case. In the competitive case, we find that firms collectively

employ more labor than in the monopoly case. The number of employees converges near
(slightly above) the expected competitive employment level of 64 (Figure 2), and the

price converges slightly below the competitive price of $31.60 (Figure 3).
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Comparing the two cases, we find in the competitive case that firms collectively
generate lower profits (about half) than in the monopoly case (Figure 4) and that they
also employ more laborers and provide higher real wages to the households than in the

Figure 3. Competitive case: Average price.

monopoly case (Figure 5).
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Figure 5. Competitive case: Units consumed.

We also find that under competition each household’s real wage is more than double
the wage earned under the monopoly case (Figure 12). In the competitive case,
households retain 1.75 units per time step (87% of marginal product), compared with
0.75 units (38% of marginal product) in the monopoly case.
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Figure 6. Competitive case: Average units consumed.

3.1.8 Discussion

In this economy, a fundamental role of the firm(s) is to allow households with lower-
than-average personal productivities to contribute to, and get returns from, higher-
productivity activities offered by firms. Per capita income increases for these lower-than-
average households. Increasing the number of firms will increase the returns to
households; output and employment increases, prices decrease, and households buy more
goods.

In the single-firm economy, the firm gets fairly accurate short-run, if not long-run,
information about the number of goods it can sell and about the available labor force. In
contrast, as seen in the multiple-firm figures, the multiple-firm economy can have
significant “noise” in both markets. More firms are asynchronously assuming their
employment is fixed; employment shifts in and out of firms and across firms, making
employment response difficult to interpret. Compare the total employment levels
displayed previously in Figure 2: while monopoly employment quickly approaches
equilibrium, the competitive employment fluctuates significantly over almost half of the
time steps.

Similarly, multiple firms are trying to experiment on price and reacting to the
perceived demand response to their price. If the noise created by experimentation is high,
the signal-to-noise ratio will be low, making convergence to equilibrium more difficult.

Similarly, in the multiple-firm economy, as each firm is individually searching for an
optimal price, the ever-changing set of prices from the other tfirms creates noise in the
first firm’s interpretation of the effect of its price change on its demand. This uncertainty
propagates back through production, employment, and ultimately its demand again.

In this model, the firms have a memory of several time steps and use moving
averages of several time steps to estimate the success of their pricing and employment
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choices. We also experimented with very shallow memories in which the firms looked
only at the last time period. In those simulations, we often found that the firms would
repeatedly overcompensate and that the markets would diverge into unexpected corner
solutions. We found that simple smoothing avoids some of the divergence issues
encountered in other discrete simulations (e.g., Arifovic 1994), leads to more reasonable
and robust results, and probably provides a more realistic firm behavior.

Firms most directly experience the bottom-line impact of noise in their profits, which
we observe in Figure 4. We can see that the monopoly profits quickly converge to
equilibrium, whereas the competitive profits suffer from both short-run noise and long-
run oscillations. We illustrate this contrast more precisely in Figure 7, which plots the
average of the firms’ standard deviation of profit (from Figure 10) for the 50 most recent
time steps. We see that the average standard deviation of profit is on average seven fold
higher in a competitive market than in a monopoly market.
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Figure 7. Variability in firms’ profits: Monopoly and competitive cases.

While a terrorist attack arguably has direct impacts on households’ willingness to
consume particular goods (or goods at all), such an attack could also create noise in
markets that could easily be interpreted as economic instability or downturn. Consider an
attack where a significant fraction of firms in an industry were disabled for a period of
time. Endogenously, as implied by this model, output and employment could decrease
and prices could increase sharply, as the remaining firms have a clearer picture of their
customer-response functions. Furthermore, as the disabled firms return and rush to regain
market share, the ensuing noise in prices, output, and employment could be interpreted by
still-uneasy consumers as a floundering economy, thereby perpetuating a lack of
confidence and poor performance in the embattled sector. The mechanics of such
perpetuating perceptions needs to be better understood.

The comparison of the two sets of simulations also illustrates how competitive
markets can, given constant demand, be “self-healing”: if during a disruption several
firms are incapacitated, the remaining firms can use the new-found market power to
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increase profits, get clearer information on (an increased) demand, and stabilize until the
incapacitated firms return. From this model, however, returning firms imply increased
noise in goods and labor markets, creating instabilities.

In general, this work demonstrates the nature of competition and full employment in
a closed economy in which income effects are pervasive and the goods’ supply curve is
explicitly tied to work effort. By capturing these output and employment features of the
macroeconomy, we have demonstrated the appropriateness of agent-based models for
microbased macroeconomic analysis, particularly the ability to define computable
equilibria and analyze the conditions under which these equilibria are stable within
“small” fluctuations.

3.2 Life-Cycle Implications for Disruption and Recovery

This exercise introduces a bond market and savings into our agent-based model. Our
goal in this paper is to demonstrate that labor, product, and bond markets converge to
calculated equilibriums in accordance with a life-cycle hypothesis (LCH). We conduct an
event study of an output disruption within the simulation, and find that the disruption
cascades through all sectors affecting employment, consumption, and savings. Following
the event, the simulation re-converges, with all markets returning to equilibrium at about
the same time.

3.2.1 Life-Cycle Hypothesis

The life-cycle hypothesis (LCH) model (see Friedman 1957, Modigliani and
Brunberg 1958, Ando and Modigliani 1963) defines household behavior as an attempt to
smooth consumption patterns over one's lifetime somewhat independent of current levels
of income; households do this by borrowing, saving, and lending. The model is typically
represented as the following constrained maximization problem, as was previously
presented in section 2.2:

T(1)
max U,., = Y 6(U,(C,))

t=0

(12)

(1) L@

s.t.z p(C,)=B,_, + ZP(YI),

where C, and Y, are respectively the levels of consumption and income in period ¢, U,(C,)
is the utility received from consumption in time period ¢, By is an initial wealth
endowment, and &(*) and p(*) are discount functions; &*) discounts the value of future
utility according to the household’s internal time preference, and p(-) discounts the value
of future consumption and income according to the market interest rate. Also, L(z) < T(?),
where L(?) denotes the number of remaining periods in which the household can work in
the labor market to earn income, and 7/?) denotes the number of remaining periods in the
household’s life cycle.

The model used in this paper includes several simplifying assumptions. Specifically,
each household’s utility function is constant across time:
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u,(C)=U.(c.)=U(C), (13)
utility is a concave function of consumption:
U/(C,)>0 and U, (C,)<0, (14)
households do not discount the value of future consumption:
oC,)=C,, (15)
wages are constant across firms and across time:
Y=Y, (16)
and the market interest rate is zero:
p(C,)=C, and p(Y,)=7Y,. (17)

The assumptions of equation (2) allow us to simplify the household’s optimization
problem as follows:

T(t)
max U,.o= »,Ci=B,_, +(L(1)XY) (18)

t=0

By inspection of equation (2b), it follows that households will seek to balance their
consumption equally across time periods as follows:

C,=(B,+(LMXY))/T() (19)

3.2.2 Savings, Retirement, and the Bond Market

Households of age A for which L > 0 are said to be career households, and are able
to work in the labor market to earn income. Households of age A such that L = 0 and 7 >
0 are said to be retired households, and are unable to work. Continuing from above,
career households will seek to maintain a constant savings rate, as follows:

S, =Y-C, (20)
In this paper, bonds are strictly a mechanism for interest-free intertemporal
substitution between generations of households.> We model the bond market as a
continuous double auction conducted by a bond exchange that takes limit orders from
households. Each order includes a buy/sell indicator and the number of shares to be
traded. For the purposes of this paper, bond prices are fixed at $1. The exchange will
therefore clear a volume equal to the minimum volume of open buy orders or open sell

? For bonds as a government-issued asset class in Aspen, see Basu et al. 1998.
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orders. For example, if there are more open buys than sells, then the exchange will clear
all open sells and the remaining buys will carry over to the next time step.

The aggregate number of bonds in the economy remains constant throughout the
simulation. Career households accrue wealth (B) in the form of bond holdings via
periodic saving contributions, such that

B,=B,+5,. 1)

Retired households cannot accrue bonds, but rather consume by selling bonds in
order to purchase goods, such that

Bt :Bz—l _Ct' (22)

The bond market is facilitated by a bond exchange agent, which simply clears the
queue of open limit orders from households. Specifically, the exchange reads and sorts all
limit orders according to limit price, then matches buys to sells in such order to maximize
the trading volume, and finally sends transaction notices to all households whose orders
were executed. The bond exchange executes partial-fill transactions when the size of buy
and sell orders are unequal.

3.2.3 Market Equilibrium

Bond market equilibrium is linked to equilibrium in the other markets. For example,
if the economy experiences a period of recessionary unemployment, then a portion of
career households will be unable to maintain their planned rate of consumption and bond
purchases. Under conventional wisdom, one would expect the average household to both
reduce consumption and fall behind on bond purchases, leading to a surplus in the bonds
market. Furthermore, if households face a finite time horizon, then temporarily
unemployed households will reduce their expected average consumption for the
remainder of their life cycles, and therefore reduce their target bond holdings. We should
note that if we allowed bond prices to adjust, then retired households would face falling
bonds prices after a recession, leading to a reduction in both wealth and expected total
consumption for the remainder of their life cycles.

3.2.4 Simulation Parameters and Mechanics

We explore convergence in a short-run model under the assumption of infinite time
horizons for household decisions (model 1) and long-run model under the assumption of
finite time horizons for household decisions (model 2).

3.2.4.1 Infinite Horizons

Households in model 1 are instantiated with a initial age, which does not change as
the simulation runs. That is, households do not grow older or approach their life-cycle
horizons. This scenario is synonomous to a life-cycle model with an infinite time horizon,
which could be used to simulate a short timespan relative to the lifespan of the household.
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At the start of the simulation, such households are assigned a fixed target level of
bondholdings (i.e. target amount of savings); this target remains constant throughout the
simulation. Each household is also given an endowment of bonds, the size of which is
randomly drawn from a uniform interval centered about the assigned target bondholding.
Thus, each household’s endowment is either greater than, equal to, or less than its
assigned target bondholdings, within a fixed variance.

Throughout the simulation, households with excess bonds submit orders to sell their
excess bonds on the exchange. Households that are deficient in bonds submit orders to
buy bonds as they earn income. Each household submits orders until it eventually
achieves its target level of bondholdings. Once either all sellers or all buyers achieve their
target bondholdings, the market is said to have cleared, and no further bond exchanges
will occur.

3.2.4.2 Finite Horizons

Model 2 assumes overlapping generations in which each household ages and saves
according to equations (19) and (20). At the start of the simulation, each household is
randomly assigned an age 4,-y from a continuous uniform interval from 20 to 80.
Retirement occurs at age 60 for all households. The following algorithm assigns a target
level of bondholdings to each household based on its initial age, retirement age, and wage
rate:

1. Compute expected average consumption per period (C,) based on
equations (3) and (4) assuming B,_,= 0 and L(0) = max(L) = 40.

2. Compute the expected average savings contribution per period (§,)

based on equation (5) and 5, from above.

3. If the household is initially of career age A4,_, <60, then compute the
initial target bondholdings ( B,_, ) as follows:

B,_, = (A,_, —20)x S, x (time steps per year). (23)

Otherwise, if 4,_,> 60, then compute the initial target bondholdings as
follows:

B,y =B ggo —((4,., —60) % C, x (time steps per year)). (24)

The initial farget bondholdings increase across career households when sorted by age
from 20 to 60, and decrease across retired households when sorted by age from 60 to 80.

As was also the case for bond-market households, at the start of the simulation, each
life-cycle household is given an endowment of bonds drawn from a uniform interval.
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Throughout the simulation, households grow older with each time step and revise
their target bondholdings based on their new age and current bondholdings. Ideally, a
household will purchase bonds at a constant rate from age 20 to 60, leave the workforce
at age 60, and sell bonds from age 60 to 80 using the proceeds for consumption. Once a
household expires at age 80, it is recycled as a new household (heir) of age 20; any bonds
held by a household upon expiration are endowed to its heir as a type of accidental
bequest.

To demonstrate that labor, goods, and bond markets simultaneously converge to
calculated equilibria under both finite and infinite time horizons, we introduce new
household parameters for modeling life cycles: age and time-steps-per-year. The
equilibrium bond holdings is a constant in model 1, but varies in model 2 with respect to
age according to equation (23). The deviation in bonds refers to the average percent
deviation between actual and target bond holdings across households. In model 1, the
equilibrium deviation (4) is constant based on the net difference between initial bond
deficits and surpluses. In model 2, the equilibrium deviation (4¢t)) will fluctuate over
time as a function of household characteristics.

Table 3. Simulation Parameters

Model 1 Model 2
Parameter Infinite Finite
Horizon Horizon
Households
Number 100 100
Internal productivity [1.0, 2.5] [1.0, 2.0)
Age [20, 80]
Time steps per year - 100
Firms
Number 5 5
Productivity 2.0 2.0
Wage rage offered 50.0 50.0
Calculated
Optima
Equilibrium price ( p ) 31.6 31.6
Equilibrium employment (L®) 59 59
Equilibrium bond holdings 200 flage)
Equilibrium deviation in bonds A4 A(t)

3.2.5 Simulation Results

The figures in this section display time-step plots of simulation variables. In each
case, the horizontal axis represents time-step iterations.

3.2.5.1 Model I: Infinite Horizons

To investigate the impact that the bond market has on labor and goods markets, We
will compare the simulation results for two cases. Case 1 refers to the case of no bond
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market, or a cleared bond market.* Case 2 refers to a converging bond market in which
we initiate the simulation with the bond market in disequilibrium. In case 2, households
with a bond deficit must earn income to buy bonds; this process takes time. We track the
market clearing process in Figure 8 by plotting the average percent deviation across
households between their target and actual bond holdings. Since case 1 begins with a
cleared bond market, the deviation for case 1 is always zero. Case 2 slowly clears until it
reaches a minimum deviation at time step 2560; at which time the sellers’ market has
cleared, but a few buyers remain.’
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Figure 8. Infinite horizon: deviation in bond holdings.

Although the convergence process in the bond market for case 2 takes time, it does
not significantly affect convergence in the other markets. For example, Figure 9 shows
that the number of employees converges in both cases at roughly the same rate to slightly
above the expected competitive employment level of 59. Similarly, the price converges in
both cases at roughly the same rate to slightly below the competitive price of $31.60
(Figure 10).

*In the case of infinite horizons, once the bond market clears households have no further incentive to
substitute between consumption and bond holdings; that is, “once cleared, always cleared . Therefore,
from the perspective of the labor and product markets, a cleared bonds market is synonymous with no
bonds market at all. So, if we initialize all households such that actual and target bond holdings are equal,
then other variables in the simulation will converge as if there was no bonds market in the simulated
economy.

> There are two reasons that buy orders remain in queue at the bond exchange even after the bond market
clears. First, the aggregate bond deficit did not equal the aggregate bond surplus at the start of the
simulation. Second, this model does not allow for time preference and bond-price adjustments; these
features will be addressed in subsequent models.
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Figure 9. Infinite horizon: total employment.

Figure 10 also shows that firms searching for price in the face of a converging bond
market (case 2) are more tightly constrained from raising price during the correction
phase (first 1000 time steps) than when the bond market is already clear (case 2). This is
true because firms in case 2 must compete against the households’ demand for bonds.

Average Price of Goods

I

B4.85

2B

czase 1: cleared bond market
cdse 2 converging bond market

2820

16
Step: [0

1 1 | 1 1 | 1 1 1 ! :
o0 1600 2400

Figure 10. Infinite horizon: market price of goods.

Figure 11 and Figure 12 show that the presence of a converging bond market,
compared to a cleared bond market, has no appreciable impact on firm profits or
household consumption in this model.
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Figure 11. Infinite horizon: firm profits.

The spike in household consumption (Figure 12) at time step 2560 for case 2 occurs
when the bond-sellers’ market clears, thereby precluding further bond purchases and
leading bond buyers to increase their consumption rate.
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Figure 12. Infinite horizon: units consumed.

3.2.5.2 Maodel 2: Finite Horizon Households

The finite horizon model entails continuous overlapping generations of aging
households. In this model, the equilibrium conditions are not fixed. For example, the
equilibrium number of jobs under monopolistic competition is not only a function of the
competitive price ($31.60), but also depends on the number of households in the career
phase (i.e. age less than 60), which changes over time as households age and retire and

34



expire. Figure 13 shows that the equilibrium number of jobs fluctuates over time near 49
jobs.
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Figure 13. Finite horizon: equilibrium employment.

Nevertheless, we still find, as in previous simulations, that the number of employees
converges to slightly above the expected competitive employment level of 49 (Figure
(14). Similarly, the price converges to the competitive price of $31.60 (Figure 15).
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Figure 14. Finite horizon: total employment.
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Figure 15. Finite horizon: market price of goods.

Under a finite horizon, because each household’s target bond holdings are constantly
changing, the average percent deviation across households between their target and actual
bond holdings is not always decreasing, but rather fluctuates (see Figure 16), presumably
in conjunction with the equilibrium deviation A(?) from Table 2.
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Figure 16. Finite horizon: deviation in bond holdings.

3.2.6 Event Study of an Output Disruption with Finite Horizons

Our underlying objective is to develop a method for estimating the expected
economic impact of a terrorist event, such as an output disruption to a productive sector
of the economy. To observe the effects of an output disruption, we ran two simulations
assuming finite horizons. We ran a baseline simulation (case 1) with no disruption to
show baseline economic activity, and an event simulation (case 2) to show the relative
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effects of a disruption. We find that an output disruption has cascading effects long after
the event window, and that recovery in the bonds market corresponds to recovery in the
labor and product markets.

The simulation begins in disequilibrium, but converges to equilibrium after the first
1000 time steps. We imposed an output disruption from time step 2001 through step
2100, during which firms were precluded from producing goods.

3.2.6.1 Impacts to Labor and Product Markets

We find that an output disruption occurring from time step 2001 to 2100 leads to
substantial cascading effects in the labor and product markets that continue through time
step 3800. Figure 17 shows that the event window is followed by an enduring period of
unemployment. Figure 18 shows delayed effects on firm profits, and Figure 19 shows
similar impacts to household consumption. All of these variables appear to re-converge to
baseline around time step 3800.
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Figure 17. Event study of total employment.
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Figure 18. Event study of firm profits.
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Figure 19. Event study of household consumption.

3.2.6.2 Impacts to Bond Market

The cascading effects from the disruption are also found in the bond market. Figure
20 shows a substantial deviation between target and actual bond holdings following
disruption; these impacts enduring in the bond market for the same period as those in the
labor and product markets: through time step 3800.
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Figure 20. Event study of deviation in bond holdings.

Further inspection reveals the source of the deviation in bond holdings. The
recessionary unemployment shown in Figure 17 implies that unemployed households are
unable to contribute to savings, which shrinks the aggregate bonds budget (Figure 21).
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Figure 21. Event study of career households’ budget for bonds.

Perhaps the most fundamental impact in the bond market is the substantial impact
that recessionary unemployment has on expected lifetime income, and therefore on target
bond holdings. Persistent unemployment leads households to downgrade their estimated
lifetime income. Under the LCH, such downgrades reduce the unemployed households’
expected retirement bundle, which reduces the present value of that bundle, which
reduces the households’ target bond holdings. Figure 22 shows the result of such
downgrades. We see that as soon as employment returns to equilibrium near time step
3800, the target bond holdings quickly jump back to the baseline for target bond
holdings.
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Figure 22. Event study of career households’ target bond holdings.

This exercise demonstrates that agent-based simulations converge to calculated
market equilibria in LCH models assuming infinite and finite horizons. It further models
how a disruption to the productive sector can cascade through all markets, and that
market recoveries are linked.

3.3 Remarks

These exercises help validate our computational approach and provide insight into
the dynamic aspects of economic interactions. Many of these features are retained or
extended in the model and simulation presented in the remainder of this report. One
exception, however, is our choice of venue for financial interactions; to increase
flexibility for borrowing and lending, and replace the bond market with a banking
market. A key extension is the introduction of a more general set of life-cycle rules used
for governing households’ financial decisions.
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4 The Analytic Model

The model builds upon the considerable foundation of life-cycle economics
stemming from the early work of Fisher (1930), Friedman (1957), Modigliani and
Brumberg (1958), and Ando and Modigliani (1963), and the overlapping-generations
models of Samuelson (1958), Wallace (1980), Balasko et al. (1980-1981), and Tirole
(1985). We model a discrete-time closed economy comprised of H households and F
firms. Households decide how much to consume, borrow, and save each period. Firms
decide whether to increase or decrease price and employment each period. Firms also act
as passive lenders in a banking market by making their cash reserves available for loans
to households. There is no money creation. For analytical convenience, wages,
productivity rates, and interest rates are fixed, and marginal cost is constant and equal
across firms.

Households grow older with each time period, and face a lifespan comprised of an
employment-eligible (career) phase, during which households can earn wages in the labor
market, and a retirement phase, during which households can only consume by
withdrawing funds from their private savings. Households cannot substitute
intertemporally by accumulating goods, but they can borrow funds from firms or deposit
savings with firms via a banking market. Banking allows households to smooth their
consumption patterns over their lifespans according to a conventional life-cycle
hypothesis.

Each firm seeks to maximize short-run profit by hiring labor from households via the
labor market, and producing goods to sell to households in the goods market. Firms earn
nominal profits by charging prices above marginal cost and by charging interest on loans.
Firms earn real profits by spending nominal profits to purchase back excess goods for
their own consumption.

4.1 Household Consumption and Savings

We now derive the household’s desired consumption expenditure and banking
transaction in each time period. Consumption must be non-negative; a banking
transaction can be either positive in the case of a deposit or negative in the case of a loan
or withdraw.

Each household is comprised at any given time of a single individual who becomes
employment-eligible at Age, . , retires after Age and dies after Age, . .Let Age,

min ? retire max °

denote a household’s current age measured in years, where Age, . < Age, < Age

min max *

Time is discrete, with a fixed number of A periods per year. We define 7|, as the number
of periods for consumption before the household expires, where

>1 V Age, < Age,

max . 25
=1 V Age, = Age } (25)

max

]10 = A(Agemax - Ageo) {
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We define K, as the number of time-steps for earning income before the household
retires, where

> 1 v AgeO < Ageretire
KO = ﬂ’(Ageretire - Ageo) = 1 V AgeO = Ageretire : (26)
=0 V Age, > Age

retire

Any household that is employed by a firm supplies one unit of labor per period to its
employer. All labor is supplied in discrete units, denoted as /, € {positive integers} .

Each household derives utility in period ¢ by consuming ¢, units of goods. Utility is
defined as u, = (qt)ﬁ , where B = consumption elasticity € (0, 1), so that u/ >0 and
u’ < 0. Each household valuates future consumption with respect to its internal discount

rate, d, , which implies that the current utility derived from expected future consumption
is

U A (7
" A+d) (1+d)

(27)

Households optimize the present-value of current and future utility by setting their
consumption and savings rates according to the conventional life-cycle hypothesis,
represented by the following constrained-maximization problem:

T
Maximize y,_,= ZO: M

t=0 (1 + d)t
(28)

Ty e K,

ye
s.t. L —=bH_,+ L
2y P & ey
where b, denotes an initial wealth endowment, y; is the expected nominal income

earned in period t, and » denotes the market interest rate. Since there is no money
creation, we employ a simplifying assumption that expected prices are equal across time,

e
)2
Py
to borrow or save to achieve current consumption of

which implies

=1. It can be shown that each household, in each period, will attempt
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Ky e
b, + i
~ A =0 (1 + V)t
Co = Po40 = o - (29)
& (1+d)”
w (1+r)
The corresponding required savings transaction is
So = Yo~ Cos (30)
where transactions are categorized as follows:
deposit: 5,20 Vb,
withdraw: s, <0 andb, >0¢. (31)
loan : S, <0 andb, <0
We generalize the firm slection rule from equation (6) so that ¢ denotes the
selection probability, and is defined as
¢, = Pr[household 7 selects firm f,] = p;‘
h= T ’ (32)

>.p)
70

where 7 <—1 is a constant, and p, is the price charged by firm /. It can be shown that

the relative probability of the household selecting firm f, over firm f, equals the scaled

|71
. . Py
inverse of the firms’ prices: o (iJ .
9, \»y

4.2 Firms and Nash Equilibrium

For simplicity, wage rate w and productivity rate p in this exercise are fixed and
equal across all firms. Firms search for the labor size and product price that maximize
steady-state profits. A firm uses /, units of labor to produce and supply ¢’ units of goods
to the goods market using the production technology

q; =pl,. (33)
Each firm sets its selling price p, for goods, and earns production profit

sold

=(p.g)-wi, <(p.g*)-wi, = (p,p—w),. (34)

production
7[1
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Firms also participate as passive lenders in a banking market by making their cash
reserves available for loans to households at the fixed market interest rate » . Interest
earned from loans equals 74, and provides a second source of profit to the firm.

Summarizing, a firm’s profit is defined by
T, = (p,qf”ld )— wl, +74, . (35)
It can be shown (see Sprigg and Ehlen 2005) that Nash equilibrium price in the goods

market is given by

1

% p'gz'kt'o- )t 7l
af=q; = pﬁ{#} : (36)

a 1 S
where o, denotes labor share, &, = z Pri» &= ,and 6, = —
=1 1- gt Y,

its labor share o, and the other firms’ prices £, , firm f cannot benefit by charging any

. That is, given

price different from p; % The following partial derivative shows that equilibrium prices

vary as the scaled inverse of labor share:

1

R o ok 1 L
9/ =q; & a]:;/ :(ﬁ){pgv; 1}7101‘7 <0. (37)
S

Equations (36) and (37) imply that smaller firms are able to settle at higher prices;
the reason is that smaller firms produce fewer goods and therefore require a smaller
market share to maximize profit. This analytic result provides a baseline for validation of
the simulation against economic theory.

5 Agent-Based Simulation

The prescribed model links the static equilibrium in the goods market to the dynamic
equilibrium in the financial market, and derives the Nash equilibrium in the goods market
as a function of consumers’ sensitivity to price, represented by . A higher value for ¥

implies a household has a higher probability of selecting the firm with the lowest price

% To clarify, our model assumes that wages are fixed. Therefore, firms search for their optimal labor, but
they cannot compete for labor by offering higher wages. This assumption introduces rigidity into the labor
market, leading us to define Nash equilibrium in terms of goods prices alone. Although the firms are
homogenous in all other respects, they are made heterogeneous by their relative allocations of labor. A
more general model might relax this rigidity in the labor market, allowing one to define Nash equilibrium

in terms of goods price and labor ( p; . ; ), in which case the firms would be truly homogenous and the

Nash equilibrium would specify equal prices and labor shares.
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(see equation (32)). If we were to assume that search costs are zero, then ¥ might be
interpreted as the degree of rationality of quasi-rational consumers. This section describes
a computer simulation of the analytical model in which the economic actors use a set of
preferences, decisions, and processes that correspond to the analytical model, but differ in
that firms in the simulation use quasi-rational adaptive search to search for their profit-
maximizing behavior. The degree of rationality in this search is shown to be a pivotal
factor in determining whether firms can collectively find and maintain the Nash
equilibrium.

5.1 Simulation Mechanics and Parameters

5.1.1 Bank

A single bank agent serves as financial intermediary between households and firms.
The bank holds the firms’ excess reserves, which are made available as loans to
households. The bank establishes an account for each household. Account balances can
be positive or negative. Positive balances represent deposits, and accrue interest for the
household at market interest rate ». Negative balances represent loans, and accrue interest
for the bank at market interest rate r.

For simplicity, we assume that the bank applies the same interest rate to both loans
and deposits, which implies that the bank, and therefore firms, should only engage in
banking if households are net borrowers in the aggregate.

5.1.2 Households

At the start of each time period, each household makes two primary assessments.
First, if an employment-eligible (career) household is unemployed, then it sends a job
application to a firm. Second, all households calculate their target consumption and
savings according to equations (29) and (30). These equations are calculated in part using
income in the current period, which is known:

0, if unemployed
Yii=o = .

w, if employed (38)
However, the calculation also requires career households to make assumptions
regarding future income. In this simulation, future income is derived from employment
history as follows. Each household keeps a record of its employment history, and
calculates the average number of periods employed to estimate the probability of being
employed in any future time period:

Ny
Pr[employedin future period ¢] = z& , (39)
=1 W

where N, denotes the number of periods retained in the household’s memory. The

household then probabilistically projects its income in each future period based on
equation (39) as follows:
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. w, with Prlemployedin 7]
Viso = { : (40)

0, with Prlunemployedin ¢]

When a household retires, it retains its employment history, which is provided to its
descendent. Thus, each new entrant initially projects its future employment based on its
parent’s history, then increasingly updates its history with its own experience.

5.1.3 Firms

To explore the relationship described in equation (36), we ensure cross-sectional
variation in the labor share by assigning each firm an initial target number of employees

F
derived from the share function: f/ Y 7. At the start of each time period, each firm
f=1

decides whether to increase or decrease its price for goods. Firms must perpetually search
for optimal price using a simple algorithm. Firms make their pricing decision by
assessing a running record of profits’ for the previous N , periods, and altering their

strategies for scaling their prices. At the start of each period, each firm calculates recent

Ny /2 Ny
profits Zﬂ_, and bygone profits 27[_, . The firm also knows its scaling strategy
t=1 t=(N;/2)+1

*

from the previous period, represented by a scaling factor J | = P ¢ (0,2], where

*

P,
0, € (0,1) denotes a price decrease in period ¢, and J, € (1,2] denotes a price increase.

The firm chooses in each period whether to (1) re-adopt its strategy by applying the
scaling factor used in the previous period: p, =J, - p_,, where §, = 8_, , or (2) reverse its
strategy by reverting to the price associated with the highest profits in memory:

po = p; ~max{r,} " . In this latter case, the firm notes its reversal by resetting its

*
Py
—.

P

pricing strategy: o, =

In addition to an adaptive pricing strategy, the pricing algorithm also allows for two
corrective adjustments. First, if a firm did not change its price in the previous period, then

the firm tests its current strategy by randomly either increasing or decreasing its price by
one-half percent. Second, if p_, >0and ¢* =0, then the firm reduces price by one

percent.

In simulations that allow for labor scaling, firms employ a similar but slightly
different algorithm to search for optimal number of employees. We conducted two

7 For purposes of generality, firms in this simulation search for the price that maximizes real profits,

defined as y = % , which remains consistent with the conditions of equation Error! Reference source

not found..
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different sets of simulations, without and without labor scaling. Table 4 lists the input

parameters used in these simulations.

Table 4. Simulation Parameters

Parameters Symbol Value
Global
Number of time periods - 2000
Number periods per year A 5
Wage rate w 50
Market interest rate r 5.0%
Households
Number of households H 301
Consumption-elasticity of utility B 0.3
Price-sensitivity exponent 4 {-2,-3,-4,-5,-9}
Discount rate d 4.0%
Minimum employment age Age . 20
Mandatory retirement age Age,.... 60
Expiration age Age, . 80
Age distribution (uniform) {4ge, o} u ~[20,80]
Employment-eligible households E 201
Length of memory (# periods) N, 3.1
Firms
Number of firms F 5
Productivity rate Y 2
F
Initial labor share O =0 flXf
f=
Initial reserves Ry =0 $200K
Length of memory (# periods) N I 2.1

5.2 Results

We conducted two different sets of simulations, without and without labor scaling.
Different simulations within each set of runs vary by the value of the households’ price-
sensitivity coefficient: .

5.2.1 Set #1: Fixed Labor

The fixed-labor simulations are entirely deterministic, except for the quasi-rational
firm selection rule. Firms employ rational adaptive pricing (v = o), and therefore
deterministically (always) select the pricing strategy associated with the highest profits.
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Firms are also restricted from laying off employees or from altering their initial target

F
number of employees derived from the share function: f/ Y f . Thus, workers never
7=

experience layoffs and households’ expectations are always formed by y/ =w in

equation (40). These baseline conditions provide both real and perceived job security for
households, allowing them to optimize their time-dependent lifetime consumption.

By equation (36), we do not expect a single market equilibrium price, but rather a
range of prices that vary across firms with respect to labor share as a function of y. To

demonstrate the robustness of convergence, we will run five baseline simulations
assuming five different price-sensitivity exponents: y = -2, -3, -4, -5, and -9. Figure 23
shows price formations for three of the five assumed values of . The left column shows

the formation of each firm’s price over time. The right column shows a projection of
firms’ prices onto a scatter plot with respect to the firms’ labor shares. Each scatter plot
also includes a curvilinear line-of-fit showing the log-linear relationship between prices
and labor share. These plots demonstrate that (1) smaller firms converge to higher prices,
(2) increasing consumer price sensitivity reduces both the average price and the cross-
firm deviation in prices, and (3) prices form a log-linear relationship with labor share.
Consistent with theory, these outcomes show that increasing consumer price sensitivity
reduces firms’ ability to assert market power, and thereby forces Nash equilibrium prices
down closer to the competitive equilibrium.
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Figure 23. Nash Equilibrium Price Formation Corresponding to Five Competing Firms with
Different Labor Shares (i.e. numbers of employees).
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5.2.2 Set #2: Adaptive Labor Scaling

The third set of simulations relaxes the baseline assumption that labor is fixed. Here,
firms apply the adaptive labor scaling algorithm described in section 5.1.3. This
algorithm allows for layoffs, which subsequently affect households’ expectations and
consumption profiles, and importantly, how they purchase in the goods market.

5.2.2.1 Effects of Labor Scaling on Pricing

Labor adjustments cause labor shares to change over time. Figure 24 compares price
formation under labor adjustments with the baseline plots copied from Figure 23. These
plots show that firms’ labor shares and size rankings change substantially under labor
scaling. However, the plots retain the baseline characteristics that (1) smaller firms
achieve higher prices, (2) price deviation declines as price sensitivity increases, and (3)
prices form a log-linear relationship with labor share.

5.2.2.2 Unemployment and Consumer Confidence

The adaptive labor search creates layoffs and an expectation of future layoffs, which
causes currently or recently unemployed households to adjust consumption and savings
accordingly. We can observe these adjustments in this simulation by comparing the
households’ financial profiles with those in the baseline simulation, in which households
enjoyed both real and perceived job security.

Figure 25 shows the average household financial profile with respect to age
assuming ¥ =-2 and v = oo. In this exercise, all households have a fixed positive

discount rate, resulting in greater planned consumption in earlier years. The upper plot
shows the household’s optimal planned consumption expenditure. Younger households
achieve the optimal consumption by borrowing against future earnings. The lower plot
shows the corresponding planned bank transactions required to achieve the consumption
schedule shown in the upper plot. We see that each household will borrow loans through
age 38, make loan payments and deposits from age 38 to 60, and make withdraws after
retirement at age 60. These plots show that adaptive labor search causes wary households
restrict consumption in the earliest stages of the life cycle (upper plot) to reduce their
debt stream (lower plot).

In this simulation, households form “rational” expectations of a sort by incorporating
their employment history into their expectation for future income. For further
comparison, we executed an additional simulation in which households were fully
optimistic concerning future employment regardless of their consumption history. Figure
25 shows that optimistic households borrow more resulting in lower consumption during
both their career and their retirement. This demonstrates that firms’ search for optimal
production scale creates non-cyclical unemployment, which affects the households’
financial profiles. The nature and magnitude of those effects, however, depend on
households’ memory of and attitude toward unemployment.
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Figure 24. Price Formation with Fixed versus Adjusted Labor Corresponding to Five Firms with
Different Initial Labor Shares
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Figure 25. Unemployment and Consumer Confidence
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5.3 Conclusions

This exercise demonstrates the robustness of theory in a complex system of
interrelated agents and markets. Specifically, we find that firms with limited memory, no
public information, and very simplistic decision processes can “discover” their Nash
equilibrium prices despite various sources of noise and uncertainty. The firms converge
despite relative ignorance and a reliance on extremely rudimentary search algorithms.
Thus, the simulation supports the robustness and validity of the analytical model.

This exercise models a link between firm decisions and national savings and
consumption rates, and therefore provides a foundation to analyze how events that evoke
corporate and industrial reaction can have cascading impacts on confidence and the
economy.
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6 An Agent-Based Modeling Framework

The inconclusive empirical findings, discussed in Section 2, regarding the role of
confidence suggest the need for alternatives to conventional analytical and empirical
methods. We have introduced models implemented as agent-based simulations for that
purpose. Agent-based economic simulation is a computational approach for integrating
models of social choice into complex systems of artificial decision makers that allow
researchers to conduct controlled economic experiments. The methodology involves the
use of computer programs to distribute information, decisions, and communications
across many well-defined economic participants who follow certain rules while trying to
optimize their user-defined objectives (e.g. utility functions). The experimenter’s
objective is to replicate the relevant economic activity of individuals, and thereby study
complex collective behaviors. We here present a discussion of the agent simulation
framework we used for the analytic analysis.

6.1 Characteristics of a General Modeling Framework

Object-oriented programming (OOP) is a natural, and hitherto dominant, framework
for building agent-based simulations. Examples of OOP languages include C"™, Objective
C, and Java/C”. Luna and Stefansson (2000, see Introduction) attribute the advantages of
OOP to four properties of OOP: abstraction, encapsulation, inheritance, and
polymorphism. Luna and Stefansson state, “these properties allow the programmer to
conceive an agent as a self-contained (encapsulated) object which is the “tangible’
instance of some initial template (abstraction), and which has inherited some general
features that define its essence without “hindering’ its potential development.” We retain
the object-oriented paradigm as a foundation for the following proposed features.

6.1.1 Modular

Stemming of from principles of object-oriented source code, modularization extends
to the broader concept of a flexible modeling environment. Specifically, agents and their
internal functions and behaviors must be modularized for drag-n-drop visual
programming. Modules are defined by their underlying source-code class, but also by
there placement and relation in

6.1.2 Hierarchical

A general framework must allow for hierarchical modular networks, in which a
module can contain a collection of sub-modules, and a network can contain a collection
of sub-networks.

6.1.3 Visual Interface

A general framework requires a visual design interface conforming to the visual
drag-n-drop paradigm employed by many discrete-event and systems-dynamics software
packages.
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6.2 Features of a General Modeling Framework

6.2.1 Network Flow

Users should be able to explicitly define data flows, a common need within for
discrete-event and systems-dynamics software packages. Users specify output ports to
which a module writes data, incoming ports from which the module reads data, and links
which define the flow of data from one module to another.

6.2.2 Messaging

The framework has an implicit messaging system. Modules will be endowed with an
inbox and outbox for reading and writing messages. The messaging system will route
messages between agents. Messages can be routed according to several protocols. Private
messages are sent directly to one or more specified agents. Disseminations are sent
directly to a specified module, which them forward to message to all of its sub-modules.
Bulletins are sent to a special module called a bulletin board, which posts the message for
access by all modules that have subscribed to the bulletin board.

6.2.3 Cloning

Agent models often require many instantiations of each class of agent. Visual
interfaces must allow users to hide many agents within a single agent-module simply for
managing visual complexity. Cloning allows a module to be replicated a specified
number of times at run-time. It also allows the parameters of the cloned module to be
varied across clones according to user-specified distributions. Cloning can be very
general, allowing for the cloning of any model structure or class.

6.2.4 Spontaneous Restructuring

This refers to run-time modification of instantiated objects based on the rules or
functions defined within agents or environment. Unlike the scheduled event capabilities
common in discrete-events packages, spontaneous restructuring is not necessary planned
nor predictable.

For our purposes, spontaneous restructuring can take several forms. One example is
the run-time instantiation or destruction of agents. Another example is the run-time
instantiation or destruction of sub-agents or objects contained within agents. A third
example is the run-time creation or destruction of data flows.

6.3 Economic Simulation in the General Framework

We now introduce a new framework comprised of a graphical front-end, an
associated interpreter, and a collection of XML and C++ module libraries. The user
graphically places and connects modules, found in the libraries, to create “programs”.
The programs are saved to an XML file and sent to the interpreter for execution.

6.3.1 Visual Interface

We implemented the economic simulation from section 5 in the new framework.
Figure 26 shows the visual interface for the new capability. Shown on the left is a tree
view of predefined module libraries. The landscape (on the right) shows the top-level
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simulation wrapper containing five modules. The two leftmost modules are used to
specify paths and filenames for two files to be opened upon execution. The file streams
for these files are passed via explicit port links to the “Model Loop” module, which
contains the economic model. The file stream are then pass out of the Model Loop to the
rightmost modules, which will terminate the file stream and close the files upon
completion of the simulation.

Figure 26. Visual Interface showing the top layer of Economic Simulation
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6.3.2 Modularization

Each of the modules listed in the libraries on the left have metadata to specify how
the module is to be interpreted by the simulation engine, including class, port and data
flow information, and module-specific parameters.

Any of the modules listed in the libraries on the left could be selected and either
dragged-n-dropped or copied-n-pasted into the landscape for inclusion in the simulation.
Once a module resides in the landscape, some of its metadata are visually displayed to the
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user, such as the visual display of input and output data ports. Other metadata can be
accessed by right-clicking on the module to obtain module properties.

6.3.3 Hierarchy

A simple demonstration of hierarchy occurs when the user clicks on the Model Loop
module, which opens the window shown in Figure 27, which shows the agent network
contained within that module.

The model shows four firms, a bank, and a “households” module. The Households
module is a clone wrapper, which contains a single household module. Upon execution,
the Households module creates N clones of the household, effective creating a model of
N households. Other modules exist to facility market transactions. For example, the
Market module serves as an exchange allowing firms to post product offers, which are
made available to households that subscribe to the market’s bulletins.

Some modules provide analytical capability to the user, rather than serving as model
components. For example, the WriteVar module accept user define data inputs, and write
those inputs to a user-defined file stream for post-simulation assessment and analysis.

The tool allows for hierarchical data flow. Each module contains two modules for
accessing input and output data ports. For example, the leftmost module below contains
three data ports corresponding to the three input ports shown on the Model Loop module
in Figure 26.

Figure 27. Model Loop containing Economic Simulation
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Figure 28 shows the use of a clone wrapper for instantiating many agents of a class.
Clicking on the “Households” module (which is a clone wrapper) in the primary window
opens the window shown in the lower right of Figure 28. This window displays the two
modules contained in the clone wrapper: a “Household” class and a “sequencer” class. At
configuration time, the simulation engine instantiates N households.

Figure 28. A Clone Wrapper for Household Agents
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a3

Our overlapping generation model calls for a uniform age distribution for
households. To vary age in the visual framework, we first specify an “age index” as an
input parameter to the household. This allows the user to specify the age index for each
household agent at design time. Upon instantiation, each household class will execute an
internal calculation to translate the age index into an initial value for its internal age
variable. In Figure 28, the age index parameter is the 4™ input port on the left of the
household module. Right-clicking at this port will display a “settings” window shown in
Figure 29. Note that this port is connected to the “sequencer” module. The sequencer
causes the initial value to be incremented across clones at instantiation time causing a
uniform distribution of age.

58



Figure 29. Settings for the “age index” input parameter.
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These descriptions show the kind of software components used to visually create a
modular hierarchical the economic simulation presented in this report.

6.3.4 Summary

The use of logic and framework described here enhances the ability to simulate
interesting agents and analyze disruptive economic events. The framework is not only
flexible to support the changing needs of the individual developer or modeler, but it also
eases collaboration among many analysts and provides natural and accessible
documentation of all levels and stages from sub-agent modules to complex multi-agent
systems of systems.
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7 Remarks

We have implemented a complex agent-based economic model with confidence-
related components in a visual, modular, hierarchical framework. This effort has provided
a foundation for both economic analysis of the potential impacts of terrorism on
confidence and the economy, but it also provides a foundation for a general framework
for such models.

This work indicates the efficacy of using agent-based simulation to analyze the
impact of terrorist events on confidence and the economy. The results shown here
provide a foundation for future studies on behavioral and economic dynamics, as they
relate to the recovery of the economy after terrorist events.
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